INTRODUCTION
The principle behind the ac field measurement (ACFM) technique has been explained in [1] . In this technique, a thin-skin eddy current is induced in the metal under test. The current is perturbed by defects in the metal surface and the result is reflected in the magnetic field above the surface. A probe is used to detect perturbations in this field.
Although the application of a uniform field in the ACFM technique simplifies the fieldflaw modeling [2] , the responses of long uniform cracks to this interrogating field are small and mostly due to the crack opening. One way to remove this shortcoming and hence to achieve sensitivity, is to use a non-uniform interrogating field. In this connection, previously, we reported the Surface Magnetic Field Measurement (SMFM) technique which is based on a nonuniform field produced by a set of current carrying U-shaped wires or by a rectangular coil [3] [4] . In this technique, the probe is attached to the inducer and is orientated to pick up the field tangent to the metal surface. For applications requiring high detection sensitivity, we recently exploited a region of the field of the rectangular coil with odd symmetry for positioning the probe [5] .
In this field region, a single probe acts as a differential probe. Therefore, a large signal amplification is possible before the detector saturates. Furthermore, it was found that the phase distribution (in addition to the amplitude distribution) of the field in the vicinity of the metal surface near the two ends of a rectangular inducer, is affected by the crack. The phase change leads to a strong probe-crack coupling which was observed both theoretically and experimentally. This phase change should not be confused with that associated with the crack edge. The latter occurs only at distances of the order of the skin depth from the crack which is very small for a thin-skin condition.
In this paper, we introduce the rhombic current carrying wire loop as an inducer for high sensitivity ACFM applications. We show that this inducer has the virtues of the rectangular coil with an additional advantage of flatness that makes it attractive for developing long flexible arrays. The probe used with the rhombic inducer is a linear wire-wound coil of very small diameter. Using a rhombic inducer and a probe, measurements taken on aluminum and steel blocks containing fine notches and closed fatigue cracks are presented. Some of the results are verified using their theoretical counterparts. The theoretical results were obtained by an efficient pseudo-numerical modeling. It can deal with both open and closed cracks as well as with ferrous and non-ferrous metals. A brief account of the modeling is also presented in the paper. Finally, the effects of the probe length on the detection sensitivity are discussed. Especially, it is shown that with a long probe, one can increase the sensitivity in order to detect scratches on metal surfaces, or alleviate the background weld signal in the NDT of welded regions.
RHOMBIC WIRE LOOP INDUCER
The idea explained in an earlier work [5] is the basis for the development of the rhombic wire loop inducer. In that work, the probe was positioned symmetrically where the incident surface field from the rectangular coil inducer has opposite, but equal components. The existence of such a field is essential in achieving high detection sensitivity. In Fig.I , the relative positions of the rectangular coil inducer, the probe and the metal under test are shown. Figure I A rectangular coil inducer and a probe located below the inducer in a position where the field has equal and opposite components.
At close proximity to the metal surface, most symmetrical current carrying wire loops including the rhombic wire loop can provide an equal and opposite field around the line normal to their planes and passing through their centers. Fig.2 shows an example of the rhombic inducer, its field pattern and the location of the probe where the field possesses the odd symmetry. The probe is located below the inducer along its long diagonal and its length is usually less than this diagonal. In Fig.2 , 's' shows the probe offset. A negative's' indicates that the offset is opposite to the scan direction.
A special advantage of the rhombic inducer over the rectangular inducer can be recognized in the development of thin flexible linear arrays. This inducer can be etched on a thin PCB. It can be made narrow in width, thus more cells per unit array length can be accommodated in an array as compared, for example, with the circular wire loop. It can be made slender if long probes for a particular inspection (eg, weld inspection) are required.
EXPERIMENTS
For the experimental work, probe-inducer structures similar to that shown in Fig.2 were used. In these structures, the rhombic wire loop is glued on a thin piece of perspex and a thin linear wire-wound probe is positioned inside a narrow slot cut along the long diagonal of the loop.
In the experiments, a signal generator followed by a current amplifier provided the ac current to the inducer. The current requirement is less than I A. The detector system consisted of an instrumentational amplifier, followed by a lock-in amplifier and a digital oscilloscope. No bridge was used in the system. A computer controlled x-y table was used in scanning the workpiece. In each experiment both the amplitude and phase of the signal were recorded.
The results of two scans of the surface of a mild steel test-block are shown in Fig.3 Signals from the normal scans of 0.5, 1,2,3 and 4 mm deep notches in a mild steel block using a rhombic inducer and a two-layer wire-wound probe of 80 turns and 4 mm length (Fig.2) where w=11.3 mm, 1=21.5 mm, h=3.16 mm, q=0.76 mm, probe core diam. =0.88 mm, wire gauge=0.OO32" and f::::20 kHz. The probe offset for (a) s::::-O.I mm and for (b) s::::-2.5 mm.
to the cases when the probe was almost at the balanced position (s::::-O.1 mm) and when it was grossly off-balanced (s::::-2.5 mm). In both cases, the probe traveled with its axis normal to the notch lips (ie: normal scan). In these scans, the operating frequency was about 20 kHz and the probe was a two-layer 80-tum coil of 4 mm length. Comparing Fig.3 with Fig.6 in [5] , it is apparent that the signals associated with the rectangular and rhombic inducers have the same features. Exhaustive experiments showed that the magnitude of the signal is dependent on the crack depth whereas its phase is controlled by the depth as well as by the probe offset.
When the probe is absolutely balanced, as the qualitative theory in [5] 
The effect makes the detection of very small cracks possible in a very noisy environment (see the phase change for the 0.5 mm notch in Fig.3-a) . For an off-balanced probe, it was found that in general, the phase change is a function of the crack depth (eg, Fig.3-b and Fig.6 of [5] ). However, for slight probe offsets and deep cracks, the phase change is close to 180· and in practice difficult to be related to the depth. This is again seen in Fig.3 .a where s",,-O.1 mm.
The dependence of the phase change on the crack depth is due to the effect of the crack on the distributions of the phase of the magnetic field along the diagonals of the inducer. This phenomenon is in fact behind the strong interaction between the crack and a fairly balanced probe positioned along a diagonal, and so is a reason for the high sensitivity of the new probeinducer structure. The other reason, as mentioned in the introduction, is the possibility of a large signal amplification before detector saturation. A large phase change near a crack can be exploited to distinguish between signals associated with cracks and lift-offs.
To ensure that the combination of the inducer and probe shown in Fig.2 is effective on real samples too, an experiment was conducted on a mild steel block containing a closed fatigue crack (ie, the crack is not visible). FigA shows the results of the experiment. Since the experimental conditions for Fig.3 and FigA are the same, it can be inferred that the crack depth is about 3 mm at the scan location.
The results of a scan on an aluminum test-block with 1 mm, 0.5 mm and 0.2 mm notches are shown in Fig.5 . The notches are 25 mm apart and their openings are about 0.1 mm. In this experiment the operating frequency was about 200 kHz, providing a skin depth of 0.18 mm in aluminum. This skin depth satisfies the requirement of the thin-skin current for the deepest notch, but is comparable to the depth of the shallowest one. As can be seen in Fig.5 , the notch signals are very strong. This experiment led to the expectation that very shallow cracks or slight surface defects of the order of a few microns can be picked up by the system. This capability was tested by scanning the surface of a mild steel test-block containing an extremely shallow scratch. The exact depth of the scratch is not known, but it is believed to be less than 50 ~m. The operating frequency was at 200 kHz, giving rise to a skin-depth of about 10 ~m in mild steel. The result is shown in Fig.6 . The large signals in Signals for the normal scan of an invisible fatigue crack in a mild steel block. The probe and inducer specified in Fig.3 were used in the scan where s=-O.1 mm and f",,20 kHz. Signals from the normal scan of an aluminum test-block containing 0.2, 0.5 and 1 mm deep notches. The probe and inducer specified in Fig.3 were used in the scan. The probe was fairly balanced and f",200 kHz. the high sensitivity of the probe-inducer combination shown in Fig.2 . In the experiment, a very long probe (13.5 mm in length with 260 turns in two layers) was employed. It was found that using a long probe further enhances the sensitivity of the structure in Fig.2 Signals from the scan of a scratch on a mild steel block. The probe and inducer specifications are the same as those in Fig.3 , except that the probe has 260 turns and 13.5 mm length. It was fairly balanced and f",200 kHz.
causes a large phase difference between the two opposite emfs induced in the probe as it traverses an abrupt defect, and it averages out unwanted signals associated with surface irregularities and/or roughness. In further experiments, it was found that by an appropriate design, a long probe with a rhombic inducer can pick up a 1 mm deep crack at a probe lift-off of about 8 mm. This sensitivity has significant applications in the inspection of metal surfaces covered with paints and other non-metallic materials.
The averaging property of long probes can be exploited to detect cracks in a welded region when using the rhombic inducer. In Fig.7 Signals for the normal scans of a welded steel block with 5, 10 and I mm deep notches using the inducer specified in Fig.3 and (a) the short probe in Fig.3 , and (b) the long probe in Fig.6 . The probes were fairly balanced, the lift-off was q=2.5 mm and f=200 kHz. mild steel block containing 5 mm, 10 mm and 1 mm deep notches are shown. In these scans, the same rhombic inducer was used once with the short probe and once with the long probe (mentioned earlier). The signal associated with the long probe clearly shows the location of the notches. The scans were taken at a lift-off distance of 2.5 mm from the weld.
THEORETICAL MODELING
In this part of the paper, we briefly explain an efficient technique for modeling the interaction of a long uniform crack with the field of the rhombic inducer. It can be used for the crack signal inversion and/or as a design aid. The modeling can deal with both open and closed cracks, and with ferrous and non-ferrous metals.
The modeling is based on the well-known boundary condition
at the metal-air interface in Fig.2 , derived by assuming a thin-skin field inside the metal and by conserving the magnetic flux at the crack mouth [2] . In (1) , the scalar potentiallf/ is the sum of the scattered and incident potentials, g denotes the crack opening and Hz(x,O) is the normal component of the magnetic field at the crack mouth which is related to the crack depth.
To achieve an efficient solution, in conjunction with (1) , we have used the twodimensional Fourier transform together with the Fourier domain (FD) scalar magnetic potentials in air and inside the crack. The derivation of the FD scalar magnetic potential can be achieved using a technique in [6] . Based on the solution, a computer program has been developed. The program is available on request. Example crack signals predicted by this computer program and verified by the experimental results in Fig.3 , are presented in Fig.8 . Theoretical simulation of the experimental signal of the 4 mm deep notch in Fig.3 .
CONCLUSION
The rhombic current carrying wire loop as an inducer for high sensitivity ACFM applications was introduced. It was shown that this inducer has the virtues of the rectangular coil with an additional advantage of flatness that makes it attractive for developing long linear flexible arrays. Using different rhombic inducers and linear wire-wound probes, surfaces of aluminum and steel blocks containing fme notches, closed fatigue cracks, scratches etc were scanned and strong field-flaw interactions both in phase and magnitude were observed. It was shown that by using long probes, one can achieve a sensitivity sufficient for the detection of scratches of a few microns depth on metal surfaces, or one can alleviate the background weld signal in the NDT of welded regions. An outline of an efficient accurate modeling technique for the problem of the interaction of the field of the rhombic loop with a long uniform crack was also reported.
